Abstract Metrics for the risk associated with the threat that airborne volcanic ash particles pose to commercial jet aircraft are presented using simulations based on a Lagrangian particle transport and dispersion model driven by satellite measurements for the Eyjafjallajökull volcanic eruption, Iceland, for the period 14 April to 23 May 2010. The study utilizes a four-dimensional data set of simulated ash concentrations together with European and trans-Atlantic air routes to determine metrics corresponding to the total mass intercepted (defined as the dose), the mass interception rate (the dose rate), and the concentration (the exposure) over time (the dosage) that a jet aircraft encounters along the air route. The methodology can be used as a logistical and flight planning tool in a forecast mode and also in hindcast mode to assess the extent of airline fleet exposure to ash following an eruption, thereby providing operators with information useful for flight safety.
Introduction
When volcanoes erupt, they send particles and gases into the atmosphere. If the eruption is powerful enough, these materials can and do intersect air routes. A moderate-sized eruption can send several gigatons (Gt) of small particles (diameter < 6 μm) into the troposphere that can reach the tropopause. The particles, once embedded in the troposphere, are transported by the winds and can spread thousands of kilometers from the source. Dry and wet deposition and aggregation remove most of the large particles leaving behind a small but significant fraction of ash that once detached from the volcano can resemble meteorological clouds that are tracked using specialized satellite-based algorithms for many hours to days depending on the original amount of ash emitted and the four-dimensional (4-D) wind (Thomas & Watson, 2010) . The portion of the size distribution remaining in the atmosphere is described well by a Gumbel distribution with a typical mean size of around 1-6 μm radius . It is well known that these particles can enter the hot parts of commercial jet engines and cause them to flame out and stall (Prata & Rose, 2015 ). The precise mechanisms by which engine damage is caused by ash particles are not entirely well understood, but the silicate (Si) composition of the ash and transition through a critical temperature that transforms the glassy part of the ash from solid to liquid is believed to be of primary importance (Song et al., 2016) .
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of satellite retrievals of volcanic ash Millington et al., 2012; Pavolonis, 2010) . Ancillary data, for example, from ground-based lidar are also useful, when available, but unfortunately, over vast tracts of the Earth and especially the oceans such ground-based measurements are absent. Data from other aircraft and from in situ instruments are also valuable but in general not available. The shortcoming of the ability to accurately measure and forecast ash concentrations in volcanic clouds that intersect air routes has led to a very conservative approach to aviation safety, and this has an economic impact. Efforts to improve both measurements and modeling are ongoing, and there already exists a valuable data set developed during the April-May 2010 Eyjafjallajökull eruptions based on state-of-the science satellite-based ash retrievals and dispersion modeling . Peterson and Dean (2008) first suggested using models to determine the relative exposure of aircraft to volcanic ash, and Kristiansen et al. (2015) performed a virtual fly-through for the single ash encounter flight during the Kelut eruption. They reported an estimated dosage of 1.2 g m −3 s. The purpose of our study is to use the results of the inverse modeling to determine how aviation may have been (or was) affected during the Eyjafjallajökull eruption by performing "virtual" flights through the 3-D data set. The paper is organized as follows: a brief description of the characteristics of the Eyjafjallajökull eruption, with respect to ash emissions to the atmosphere, is provided, followed by a description of the model/satellite data set. We refer to our simulation as a model/satellite data set because the full 3-D data set was generated by performing inversions based on actual satellite-based retrievals. The methodology used is described next, and we introduce the idea of the ash metrics: exposure, dosage, dose, and dose rate, providing their formal definitions. Results are presented by utilizing a database of air routes available publicly for popular European airlines during the period 14 April to 23 May 2010. We also consider some trans-Atlantic routes and assess their vulnerability during the Eyjafjallajökull ash crisis. Our discussion considers the advantages and disadvantages of our approach, and we suggest how the approach may be used in the future to assist in air route planning for the next eruption that affects European flights. While we have concentrated on European and trans-Atlantic air routes, our methods are quite general and may be applied to any other part of the world.
A small set of conclusions is presented, with some suggestions on how to improve the methodology and what further work is needed in order to make the tools operational.
The Eyjafjallajökull Eruption
Eyjafjallajökull (19 ∘ 36 ′ 48 ″ W, 60 ∘ 37 ′ 12 ″ N, 1,651 m above sea level) is an ice-covered stratovolcano situated in southern Iceland. During March 2010 the volcano became restless with a series of small fire-fountaining and lava-producing events. On 14 April 2010 the volcano erupted sending ash particles and SO 2 gas into a strong westerly wind that brought an ash and gas plume to the northern parts of western Europe by 15 April and in the next few days a weaker cloud to southern and eastern Europe, followed by a second emission in May (Gudmundsson et al., 2012; Stohl et al., 2011) . European aviation was brought to a standstill for a period of 5 days in April, and further shutdowns of airspace occurred in May. Trans-Atlantic flights were also affected because of airspace closures in Europe. There are no validated reports of actual engine or airframe damage, but several airlines reported ash deposits in engine parts and airframes and the likelihood of ash/aviation encounters would (presumably) have been high if aircraft had not been grounded. Various estimates of the amount and spread of the volcanic ash are available. Gudmundsson et al. (2012) estimated a total release of ∼70 Tg of very fine ash (radius < 28 μm), while Stohl et al. (2011) estimated ∼11 Tg. The large discrepancy between the two estimates has not been resolved and illustrates the high degree of uncertainty associated with measurements and modeling of dispersing very fine ash. Figure 1 shows a set of Spin Enhanced Visible and InfraRed instrument (SEVIRI)-based ash retrievals for six different dates giving an indication of the intermittent coverage and spatial extent of the ash clouds over Europe, the North Sea, and the North Atlantic. These passive infrared retrievals are available at 15-min intervals continuously over the European region and have been used extensively to study this eruption and others. The retrieval methodology and further examples from SEVIRI and other infrared satellite instruments can be found in various studies Pavolonis, 2010; Prata & Grant, 2001; . Note that these data only show the horizontal spread of the ash: no vertical information is available in these passive infrared-based satellite retrievals. Since satellite data can only ever provide a picture of the ash at the time the measurements are made, it is necessary to use a forecast model for planning purposes and risk assessment (Dacre et al., 2011) . Ash transport and dispersion models rely on the characteristics of the source (e.g., source strength, vertical and temporal structures, Note. Settling velocities in FLEXPART are calculated online and depend on air density and the temperature-dependent dynamic viscosity of the air (Naeslund & Thaning, 1991) . The values in Table 1 are default values for standard atmospheric conditions. and particle size distribution) which are generally poorly constrained so an inversion scheme was developed by Eckhardt et al. (2008) , Kristiansen et al. (2012) , and Stohl et al. (2011) to utilize the satellite measurements to estimate the source parameters. The resulting model data sets are described next.
Data Sets

Model
These data include dispersion model output for the Eyjafjallajökull eruption in 2010, from 14 April to 23 May at hourly intervals. The model used is the Lagrangian Particle Dispersion Model FLEXPART version 9.0 (https://www. flexpart.eu/). The satellite/model simulation uses the a posteriori ash source term determined from inverse modeling (see Kristiansen et al., 2012 and Stohl et al., 2011) . The ash particle size distribution used in the simulation includes nine size bins described in Table 1 .
Meteorological Data
The model uses Integrated Forecasting System meteorological forecast data from the European Centre for Medium-Range Weather Forecasting, with 3-hourly time resolution, 1.0 × 1.0 ∘ horizontal resolution, and 92 vertical levels from the surface to the stratosphere and a nested higher resolution (0.18 × 0.18 ∘ ) over Europe (−36 ∘ to 36 ∘ longitude, 36 ∘ to 72 ∘ latitude).
Air Routes Data
The source of air route information is a free resource available from https://flightplandatabase.com/planner. The data resource allows us to investigate both European and trans-Atlantic routes and gives a much broader selection of flight paths than using, for example, air routes based on data from a single airline. From these routes we can calculate exposures, dosages, dose rates, and doses (see section 4) that were encountered during the eruption crisis. An example of an air route taken from the resource for a flight across the North Sea from Keflavik airport, Iceland, to Stockholm, Sweden, is shown in Figure 2 . Generally, the number of data points (waypoints) on the air route is small and it is useful to interpolate the data on great circles to a more dense data set that is consistent with the model/satellite data set.
Definitions
Within the scientific literature and also in common use, the terms dose, dosage, exposure, and related or derivative terminologies do not have a uniformly accepted definition. This particularly applies to dose and dosage where the terms are often used interchangeably or to mean the same thing. In air pollution studies, medical research and radioactive radiation studies the terms that are inconsistently defined. For the purpose of this work we make the following definitions, specifically related to volcanic ash intercepted by an aircraft: These definitions make no assumptions about the processes affecting the ash once it has entered the engine. Prata and Prata (2012) suggested that ash concentrations as determined by models and ash mass loadings, as determined by satellites, do not provide sufficient information on which to base an estimate of the potential risk to an aircraft encountering an ash cloud (or plume). A meaningful measure of the hazard is a dosage, as it traverses the path from l o at time t o to l 1 at time t 1 , the starting and ending points
Methodology
respectively, along the air route. The dose rate D t is
where A is the cross-sectional area of the engine entrance, E is the exposure (or concentration of ash), and v(t) is the airspeed at time t. In words, the dose rate is equivalent to the concentration (c) of ash integrated over the area of the engine inlet, multiplied by the airspeed of the aircraft at time t. The dose (D) an engine experiences over a time interval t follows by integrating the dose rate over time: The concentration at c(x ′ , y ′ , z ′ , t) at time t varies with position coordinates x ′ , y ′ , and z ′ , and it is assumed that this is admitted at the boundary of the engine, simplified as a circular disc. The ash cloud's velocity vector is assumed negligible in comparison to the aircraft ground speed.
The dosage is the integration of the exposure over the time interval t
and is equivalent to the concentration of ash that the aircraft is exposed to. The exposure can also be defined as
The units of D o (t, t + t) defined this way are kg m −3 s. These definitions have some intuitively sensible attributes. The dose corresponds to the mass of volcanic ash that can be intercepted at the boundary of the engine, while the dose rate measures how much of that mass is intercepted per unit time. Dose rate measures the admission of matter entering the engine at its boundary. As suggested before this metric is related to potential engine damage but not a direct measure of it because of internal engine processes that affect the ash as it transits through the engine. The dosage may be an important metric because it measures the exposure of the engine to the concentration field over a period of time. It is not known whether an engine fails because of an accumulation of a critical mass of ash or whether the rate of mass ingestion is critical. A simple illustration of the problem is provided in Figure 3 which shows an idealized cross section of the entrance boundary of an engine, represented by a disc, traveling at the aircraft velocity −v within an ash cloud that has a much smaller (negligible) velocity (This simplification has no effect on the main results of the study as it is straightforward to use the resultant vector velocity, if all velocity vectors are known.) In the calculations that follow, the diameter of the engine is assumed to be 3.2 m and the cruising airspeed is assumed to be 950 km hr −1 (∼250 m s −1 ), and the airspeed on descent and climb is assumed to be 300 km hr −1 (∼80 ms −1 ). The disc intersects an area of the ash cloud A corresponding to the cross-sectional area of the engine entrance where the concentration is c and is assumed to vary everywhere within the cloud. Equations (1)-(3) can be used to estimate the ash metrics based on model simulations.
In the case when concentrations from modeling are not available, real-time measurements are needed. In situ measurements of ash concentration can also be used with the metrics given above. In that case (1)-(3) can also be used directly and the main source of error (apart from instrumental measurement uncertainty) lies with the assumption of uniformity at scales of meters (the scale of the engine boundary) compared to the instrument measurement scale which is likely to be different.
Measurements of the thickness of the ash cloud in the direction of travel are very difficult to make, but a measure of the mass loading (mass per unit area, m z (x, y)) of the ash cloud may be known from a satellite measurement looking downward onto the ash cloud. If the ash cloud has a uniform concentration within the vertical column sampled by the satellite and the thickness of the ash cloud is known, the uniform concentration can be estimated. The vertical thickness can be estimated from a satellite (or coincident ground based) lidar measurement. If the mass loading in the flight direction (m l ) can be measured, then an alternate method to estimate the dose rate follows, since:
where l is the thickness in the line of sight. The dose rate can then be calculated immediately from
The terms on the right-hand side of (4) can be evaluated without knowing the concentration of the ash if a measurement of m l is available (e.g., from an onboard remote sensing instrument). The total mass intercepted is simply A × m l , and the mass loading along the path l (x, y, z) is it follows that
This shows that an onboard instrument capable of measuring the mass loading in the flight direction of the aircraft (i.e., viewing in the direction of the aircraft's velocity vector) would provide a direct estimate of the dosage encountered. Aircraft maneuvers and viewing constraints (e.g., viewing during ascent and descent or meteorological cloud between the aircraft and ash cloud) are important caveats, but in any case currently there are no onboard instruments capable of providing measurements ofm l (t) or c(x, y, z, t).
Interpolations
There are two data sets required for the analysis: An air route consisting of waypoints that have been linearly interpolated at 0.25 ∘ longitude and latitude increments and the 4-D model/satellite data set that consists of concentrations at x, y, z in hourly increments. The process then involves flying the virtual aircraft along the air route through the 4-D model/satellite data field and calculating D t and E as a function of position along the path. Since the aircraft is traveling at some (unknown) velocity an assumption must be made. For the air routes, the aircraft velocity is a free parameter and we are able to change this and study the effect of air speed on dosage along the air route. An efficient interpolation scheme was developed to include the effect of time of travel on the calculations for air routes that last longer than 1 hr, the basic time interval for our data.
The data set is readily amenable to calculations of E, D o , D, and D t once the 3-D path of the aircraft (the air route) is known.
Results
Flight routes (see Table 2 ) were selected based on the satellite observations of the horizontal spread of ash from Eyjafjallajökull. Figure 4 shows the spatial pattern of the spread of ash using SEVIRI satellite observations during the three major periods of eruptive activity: 14-17 April, 18 April to 4 May, and 5-18 May. SEVIRI ash retrievals were limited to a geographical region bounded by longitudes 30 ∘ W to 30 ∘ E and latitudes 30 ∘ N to 70 ∘ N. A set of 64 air routes were chosen so that they intersected the horizontal region of air space where ash was observed, but note that it is not possible from the observations to determine the vertical region. The number (64) and the air routes are of course arbitrary; we could equally have selected all the air routes operated by one airline or all the routes to and from Keflavik, for example. Any combination of origin and destination air route is possible in the simulations. As we show in these results in fact different choices do not affect the main conclusion.
Analyses were made for each of the 64 flight routes flown on 15 April to 23 May assuming a departure on the hour, each hour throughout each day. The majority of flights did not occur in reality, but the temporal and spatial coverage of these virtual flights through the model data set are sufficient to capture any encounters, should they have occurred in reality. The flight route data contain the 3-D position of the aircraft at a typical temporal resolution of tens of minutes (the precise resolution depends on the flight duration). As the aircraft ascends and descends quite rapidly in comparison to time spent at cruise altitude, the takeoff and landing time periods are particularly sensitive to the location of the ash. Moreover, because in the case of Eyjafjallajökull the ash remained at relatively low altitudes, mostly below 25,000 ft, most encounters only happened during the takeoff and landing phases and were often rapid transits through the ash layers.
A typical calculation for the route shown in Figure 2 is provided in the panels of Figure 5 . The flight is fictitious but follows an air route that is based on the flight planning information from the air routes database. For this calculation only one satellite/model simulation was used, representing the ash concentrations in the atmosphere for a 1 hr time interval centered at 17:00 UT on 15 April 2010. This was a time when ash was observed by satellite to be traveling eastward toward the northern parts of continental Europe. The left-hand panels show the flight with the planned cruise altitude of 35,000 ft. On this air route the aircraft experiences quite low ash concentrations as most of the ash is below the aircraft. Only when the aircraft begins to descend on its approach to Stockholm Arlanda airport does it encounter ash exposures >200 μg m −3 , corresponding to a dosage of 0.47 g m −3 s. The right-hand panels show the situation had the aircraft flown at a much lower cruise altitude of 18,500 ft. In this case the aircraft enters a highly concentrated part of the ash cloud and the dosage of ∼33 g m −3 s, more than 50 times greater than when flying at 35,000 ft. Current Rolls-Royce advice (Rolls-Royce, 2016) is that a dosage of 14.4 g m −3 s may cause damage to engines. This value is calculated from an aircraft operating in an actual exposure of 2 mg m −3 ash concentration over a period of 120 min and does not consider processes occurring in the combustion chamber of the engine. This example highlights a potential risk for flights crossing the North Sea as the pilot must decide whether to proceed or return, as both options are equidistant. It also serves to show that if sufficiently robust information on the 3-D location (and movement) of the ash cloud is available to the pilot, then it is possible to avoid the ash cloud by altering only the flight altitude. This appears to be the option of lowest risk because ash clouds are known to form as thin vertical layers with thicknesses of a few 100 m to perhaps 3,000 m . Altering flights to higher/lower flight levels and/or also changing course in the crowded airways over Europe may not always be possible, but at least having such options available should reduce the risk of exposure to ash. The scenarios analyzed here assume a satellite/model concentration field that is representative of a 1 hr time interval. No attempt was made to dynamically adjust the ash concentrations with time to match the aircraft time, as the majority of flights are of short duration (<3 hr). Nevertheless, timing is important as the Eyjafjallajökull ash cloud of 15 April 2010 was traveling eastward at a mean velocity of ∼50 km hr −1 so that an aircraft on descent may miss or pass through the ash cloud depending on the exact timing. This can be seen in Figure 6 where we have plotted the exposure for the Keflavik-Stockholm route at 16:00, 17:00, and 18:00 UT model times on 15 April 2010. This suggests that it may be possible to specify an "optimum time window," that is, a time period when the maximum number of flights could complete their route while remaining below the 14.4 g m −3 s dosage. 
Dosages and Doses
To get an overall picture of the ash hazard to aircraft over European and trans-Atlantic flight paths, the data for all 64 air routes have been analyzed by day and hour of day. Cumulative dosages and doses were calculated within each hourly interval and partitioned into European or trans-Atlantic routes. Constant cruise/descent/ascent speeds were assumed for all flights, and this leads to a linear correlation between the dosage and dose. In practice, aircraft may travel at different speeds on different flight routes and these may vary during the flight, especially during ascent and descent, takeoff and landing, or during holding situations. There were 21 trans-Atlantic air routes analyzed in total. The analysis shows which days and which hours within the days were more or less affected by the dispersion of the ash clouds. The results are shown in Figures 7 and 8 and shown in sequences of four consecutive days, with gray bars indicating the total for all routes and the blue bars for trans-Atlantic routes only. The first two sequences are for the period 15-22 April, during phase 1 of the eruption when the ash traveled rapidly eastward and then southward over continental Europe (see Figure 4) . The main hazard (high dosages and doses) occurs during the early hours of 15 April, when high concentrations of ash were streaming eastward and mostly affecting air routes to and from Iceland. Some air routes using polar airways were also affected, as evidenced by the higher trans-Atlantic dosage shown in blue on the plots. By 16-18 April the cumulative amounts have decreased and also the hazard is more evenly spread throughout the day. In other words, apart from the initial injection of ash into the air routes during the early part of 15 April, it mattered little what time of day an air route was traversed, although there is a falloff during 16-17 April toward the latter part of the day. Notice that the dosages are significantly smaller after 15 April, but aircraft cancelations peaked on 18 April. On 19 April there is a peak between 04:00 and 06:00 UT and a decrease throughout the rest of the day. Although differences in the cumulative amounts are small on 20-22 April there are periods during the day when the hazard is greater or lesser. After 15 April there appears to be no significant difference in the hourly hazard to trans-Atlantic flights. In the third phase of the atmospheric spread of the ash during 5-18 May (see Figure 4 ) the hourly patterns for both European and trans-Atlantic routes are somewhat different to the earlier phases, principally because the ash moved much further south into the Atlantic, thereby intercepting the North Atlantic Tracks (NATs). From 1 to 4 May mostly European flights are affected, but the ash dosages (and doses, not shown) are low. By 6 May there is a large peak in the dosage in the middle part of the day due to the coincidence of the movement of the ash, by now affecting parts of the UK. On 7 May higher dosages are encountered by trans-Atlantic flights as the ash crossed into the NATs. Between 8 and 11 May the hazard diminished somewhat before another peak on 12 May and a very large peak on 14 May. European flights are mostly affected, but these are dominated by flights across the UK and to and from Iceland with very little hazard evident over continental and eastern Europe. The large peak hazard on 14 May occurs between 04:00 and 10:00 UT, and by rescheduling flights around this time interval the potential risk is reduced by almost a factor of 3. We emphasize here that the actual hazard based on the maximum allowable dosage (or dose) that a commercial jet can safely fly-through is not well known. The latest available information from Rolls-Royce (2016) states "Exposure to a cumulative volcanic ash dose (dosage in our terminology) equivalent to operating for 120 minutes in an actual ash concentration of 2 mg m 
Discussion and Conclusions
About 104,000 flights, with a seat-carrying capacity of ∼10 million passengers, were canceled over Europe during the height of the ash crisis in April 2010, and 80% of all flights were canceled on 18 April (Eurocontrol, 2010) . Efficient use of models and measurements leads to improved estimates of the aviation hazard posed by dispersing volcanic ash clouds. Here we have used a dispersion model incorporating satellite data via inverse modeling, to provide estimates of doses, dosages, exposures, and dose rates of ash that would have been encountered by commercial aircraft flying from European airports and for some trans-Atlantic destinations during the Eyjafjallajökull ash crisis. The methodology is quite general, and our study could be applied to other eruptions provided a 4-D model/satellite simulation has been made. Such an approach can lead to better contingency planning in the case of future eruptions; for example, flight routes can be adapted to minimize ash dosage while still maintaining necessary airway constraints. Forecast uncertainties, satellite retrieval errors, and the availability of satellite data are limiting factors that must be considered if the methodology is to be used operationally. Forecast errors increase with time, while the density of satellite measurements increases with time and reduces uncertainties in the inversion. These effects have been considered by us (Kristiansen et al., 2012; Seibert et al., 2011) and others (Fu et al., 2017; Wilkins et al., 2016) .
The metrics proposed here and the tools used to derive them have certain advantages. They may form a basic set of parameters that can be agreed upon by researchers who determine them, regulators who can use them to help specify safety requirements and airlines who can build them into their safety cases. The tools used to determine the metrics are generic: an atmospheric dispersion model, satellite data, and air route information. Dispersion models are available and used by most Volcanic Ash Advisory Center (VAACs), while satellite data (in near real time) are available at most meteorological centers, which also tend to be the locations of the VAACs. Air route information can be obtained freely, but a better resource is to utilize actual flight plans used by airlines. These data must be obtained through agreement with the airline, but it is in their interest to provide the information. Another advantage of the approach proposed here is that even if the data and forecasts are unavailable during the crisis, a retrospective analysis is valuable. Historical flight data can be used to virtually fly through the model simulation (by now validated and reanalyzed) to provide estimates of exposures, doses, dose rates, and dosages that may have been encountered on routes flown. But the greatest advantage is the use in near real time, where airlines can make rapid assessments based on forecasts and then reroute, cancel, or take other precautions as befits their safety case. The main disadvantages of the approach are that the metrics have not been validated and as yet it is unclear what exposure, dose, dose rate, or dosage is acceptable for safety and economic planning. It may be that a "peak" exposure is a more suitable metric than the current "fixed" concentration levels of 0.2, 2, and 4 mg m −3 , or a dose rate not to be exceeded at any time during the flight. Models and observations contain errors, and so the information should be treated like all forecast information as an estimate with uncertainties stated. There is also an issue with timeliness-as an inversion can only be performed when sufficient satellite data are available to perform the inversion. Geostationary infrared satellite data provide the optimal data source because these data are frequent (10-60-min sampling time) and can be used during the day or night. The uncertainties involved in dispersion modeling and ash forecasting have been discussed by Fu et al. (2017) , Kristiansen et al. (2012) , and Seibert et al. (2011) and others. The metrics and tools should in no way replace current information from VAACs, and other observational information from pilot reports, ground-based, aircraft, and satellite remote sensing. Given that errors are always possible in forecasting dispersion of particulates in the atmosphere and delays in updating information to in-flight aircraft are likely, onboard detection systems still have merit.
For the Eyjafjallajökull ash eruptions during 14 April to 23 May 2010 we found no instances where aircraft traveling along established air routes would have encountered dosages >10 g m −3 s, and the majority of dosages encountered were <1 g m −3 s. This is mostly due to the fact that the ash clouds were generally lower than the cruise altitudes used by commercial air traffic. Kristiansen et al. (2015) found quite low dosages (∼1.2 g m −3 s) for an aircraft encounter with an ash cloud from the Kelut eruption, but in this case the ash cloud was very high (>20 km) and it is likely that the aircraft did not penetrate the most concentrated ash clouds.
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